This report was prepared as an account of work sponsored by an agency of the United States government. Neither the United States government nor any agency thereof, nor any of their employees, makes any warranty, express or implied, or assumes any legal liability or responsibility for the accuracy, completeness, or usefulness of any information, apparatus, product, or process disclosed, or represents that its use would not infringe privately owned rights. Reference herein to any specific commercial product, process, or service by trade name, trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recommendation, or favoring by the United States government or any agency thereof. The views and opinions of authors expressed herein do not necessarily state or reflect those of the United States government or any agency thereof. 
iv

List of Acronyms and Abbreviations
Executive Summary
Waste-to-energy (WTE) technology burns municipal solid waste (MSW) in an environmentally safe combustion system to generate electricity, provide district heat, and reduce the need for landfill disposal. While this technology has gained acceptance in Europe, it has yet to be commonly recognized as an option in the United States.
Section 1 of this report provides an overview of WTE as a renewable energy (RE) technology and describes a high-level model developed to assess the feasibility of WTE at a site. The model uses simple user inputs, geographic information system (GIS)-based waste resource data, available incentives, and financial parameters to estimate implementation cost, operations costs, and life-cycle cost, along with the recommended quantities of WTE to consider. The development of this model and integration in the National Renewable Energy Laboratory's (NREL) Renewable Energy Optimization (REO) tool allows WTE to be considered alongside other RE options and helps to introduce the technology to a broad audience.
Section 2 of this report reviews results from previous life cycle assessment (LCA) studies of WTE that have been published in the literature, and then uses an existing LCA inventory tool to perform a screening-level analysis of cost, net energy production, greenhouse gas (GHG) emissions, and conventional air pollution impacts of WTE for residual MSW in Boulder, Colorado. We find that MSW combustion is a better alternative than landfill disposal in terms of net energy impacts and carbon dioxide (CO 2 )-equivalent GHG emissions. In this report, WTE leads to greater GHG reductions per kWh of electricity generated compared to landfill gas-toenergy. The screening indicates WTE would be a relatively expensive way to treat Boulder's residual MSW, at an estimated cost of about $58 per ton (higher than typical landfill costs for this region).
Section 3 of this report describes the federal regulations that govern the permitting, monitoring, and operating practices of MSW combustors and provides emissions limits for WTE projects. 
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Introduction
This section provides an overview of waste-to-energy (WTE) as a renewable energy (RE) technology and describes how the Renewable Energy Optimization (REO) tool utilizes available data to identify at a high level WTE feasibility in a user-defined location. The model estimates the energy generation and costs, and recommends a system size that minimizes life-cycle cost of energy for the site. Thermal, electric, and combined heat and power (CHP) production can all be analyzed with this module.
The tool utilizes user inputs and geographical information system (GIS) data on WTE resources at particular sites and analyzes the potential for WTE technologies to be utilized, along with other RE technologies. Determining whether WTE is cost effective requires modeling the integrated system based on the details of the site, the different WTE technologies and their application, available incentives, and financial parameters. The model yields estimated implementation costs, operations costs, and life-cycle cost, along with the recommended quantities of WTE to consider.
REO determines the scale of a project through consideration of both small, distributed building measures (kW scale) and central plant measures on the scale a campus or community (MW scale). The optimal size of each measure is estimated using optimization software. Note that the capital and operating costs calculated are based on national averages for large projects and are not specific to any particular locations 1 .
Background
Renewable Energy Optimization
The REO tool, developed by NREL, identifies the combination of RE technologies that minimize life-cycle cost of energy for a particular site and set of constraints. The optimization problem is couched in three terms: an objective, the variables, and the constraints. Typically the objective is to minimize life-cycle cost of energy. The variables are the size of each RE project on each site. Constraints, such as percent energy from renewable, available land area, available capital expenditure, etc., can be included in the analysis. The objective of the REO analysis is to quantitatively evaluate multiple scenarios leading to the recommendation of a specific project for more detailed engineering analysis. Compared to WTE facilities of the 1970s and 80s, WTE is now a refined, clean, well-managed application for energy production. The Clean Air Act of 1990 defined and regulated the emissions from a WTE facility to be the most stringent in the world. Public perception, based on the poor emission controls of WTE facilities through the 1980s, has been that WTE facilities are "dirty," and the common theme has been to stop the development of WTE facilities. Success of WTE plants today is highly dependent on local costs of waste disposal, electricity value, heat value, and the public's acceptance.
Waste-to-Energy History
Waste Management Practices
Waste management practices have also changed since the early 1970s. Many communities as well as local and state governments have implemented zero-waste strategies, where they utilize the reduce, reuse, recycle, and compost (or 3RC) strategy, WTE, and landfill as a path to minimize the potential for pollution of air and ground water. See Figure 1 -1 for EPA's Recycling/Energy Recover Solid Waste Management Hierarchy.
Many communities and government organizations have concluded that zero waste is currently unattainable. A major effort to minimize packaging of marketed items is being made through changing policy. Recycling efforts are also being implemented successfully by many organizations. Currently California has a goal of 50% waste reduction, which the state is meeting, and some communities are exceeding substantially 3 .
Source: EPA, http://www.epa.gov/garbage/faq.htm#1 Reduction of greenhouse gasses (GHGs) is another consideration during the life-cycle evaluations of waste management practices. Some communities are far enough away from the recycle markets that some of the recyclable materials are not economically and environmentally justified to include as part of their near-term recycle goals. The carbon footprint can potentially increase due to shipping materials to the market, compared to utilizing the recyclable material as a feedstock for a WTE facility or to continue sending the material to a landfill.
Waste-to-Energy Overview
Waste-to-energy technologies consist of various methods for extracting energy from waste materials. These methods include thermochemical and biological methods. Figure 1 -2 provides an illustration of the various energy pathways for WTE. Of these pathways, most are in early developmental stages. Currently the WTE technologies that are commercially proven in the United States using MSW feedstock are combustion and anaerobic digestion. All other processes hold high potential for utilizing MSW feedstock but must overcome various technical, institutional, economic, environmental, and/or procedural challenges to become commercially viable. The primary challenge facing these technologies is the heterogeneous nature of MSW, which creates a widely varying chemical constituency of the energy products generated from these processes. This variance affects the ability to efficiently extract energy. Solutions are actively being pursued from two angles.
1. Cleanup and conditioning of synthetic gas (syngas) products of thermochemical conversion and biogas products of biological conversion. These efforts are directed at making the gases more usable as a direct fuel in internal combustion engines or gas turbines, and for pipeline injection.
2. Feedstock preparation, shredding, and/or mixing MSW to make the feedstock more homogeneous. This homogeneity will be reflected in the energy product(s) and help improve its utility.
Permitting of MSW conversion technologies is also a major challenge. Permitting is arduous and complex, especially in California. Technologies utilized as part of the criteria for recycling and energy generation include anaerobic digestion, combustion, gasification, and pyrolysis. These technologies can be combined, and are used with emission control equipment and monitoring systems to substantially reduce emissions to meet the stringent air emission limits established through the permitting process with the specific Environmental Protection Agency (EPA) air district and local air management district in each state. The scope of this task includes the development of a characterization of waste resources to be utilized for the evaluation and optimization of WTE technologies as a component of the REO portfolio. The WTE technologies considered include anaerobic digestion (AD), combustion, gasification, and pyrolysis for heat, electricity, and CHP.
1.3 Waste-to-Energy Heating, Electrical Generation, and CHP Technologies
Overview of Technology
Waste-to-energy is widely used for facility heating, electric power generation, and CHP. The term "waste-to-energy" encompasses a large variety of materials including MSW, commercial waste, used tires or non-recycled components of tires, sanitary waste, food waste, and agricultural residues, etc. WTE is typically included within the definition of biomass, but for the purposes of this document, we will only consider waste stereotypical of MSW.
Waste-to-energy is commonly used for energy generation in the form of steam, electricity, or a combination of both, in several forms: raw unprocessed mass feed, refuse-derived fuels, industrial waste, medical waste, waste tires, food waste, and high organic waste.
The use of MSW to produce heat or power can be divided into four main activities: 1) resource receiving (receiving waste and collecting a tipping fee); 2) storage, processing, and conveyance; 3) conversion to thermal or electrical energy (combustion, thermal conversion, or biochemical conversion, which is ultimately used to produce heat or to drive a steam turbine, gas turbine, or internal combustion engine); and 4) distribution of the thermal or electrical energy.
Several technologies are available to convert MSW feedstocks into heat and electricity. These include direct combustion, gasification, pyrolysis, and anaerobic digestion. Of the several technologies for converting MSW to energy, mass burn 4 is the most common, which directly combusts MSW as a fuel with minimal processing. "Refuse-derived fuel" is a term for loose or pelletized fuel derived from processed waste, which is then burned on its own, or is co-fired with other fuels (like coal). Other MSW technologies include pyrolysis and thermal gasification, where waste is decomposed at a high temperature with little or no oxygen in order to generate a producer gas, which can then be combusted to generate heat and electricity using a boiler and steam turbine or using a combustion engine or combustion turbine. Pyrolysis technology is still under development. 
Feedstock Characterization
Sources of waste from the specific sites and from the surrounding area are considered to determine feedstock inventory of waste streams. Common waste streams are described below. A wide variety of feedstocks can be used, with the only limitation that they are carbon-based substances.
Municipal Solid Waste
Municipal solid waste is commonly known as trash or garbage. In 2010, 250 million tons of MSW were generated in the United States. 5 Municipal solid waste includes organic wastes such as paper, cardboard, food, yard trimmings, and plastics, and inorganic wastes such as metal and glass. 
Other Dry and Wet Wastes
Other sources of dry (i.e., high-solids) biomass include crop residue, orchard prunings, forest residue, and primary mill residue, among others. Many of these are available in substantial quantities throughout the country. Wet (i.e., low-solids) biomass resources include waste water, manure, kitchen waste, and organics. Dry wastes or low-moisture fuels are used in thermochemical conversion processes, while high-moisture wastes are used for anaerobic digestion.
The emerging biomass energy sector is focusing on increasing the conversion efficiency of dry and wet biomass-based fuels compared to the standard boiler and steam-cycle configuration. Because of this the technology platforms considered in this analysis are limited to thermochemical conversion of biomass via gasification and biochemical conversion through anaerobic digestion. These technologies convert biomass into liquid and gaseous intermediaries suitable for conventional and advanced power generation systems. Although further research and development is needed to increase reliability, reduce maintenance costs, and reduce capital costs, these technologies are already penetrating the biomass energy sector in a number of countries. Within these technology platforms, several different prime movers have been considered for conversion of the intermediate fuels to heat and power. Any combination of these configurations could be possible.
Feedstock Conversion Technologies
Combustion
Direct combustion is the most common method of producing heat, power, or CHP from MSW resources. In a direct combustion system the MSW is burned to generate heat. The heat is then used to boil water in a boiler, which can be used for heating/cooling applications, process applications, or driving steam turbines to generate electricity. In a fixed-bed system, the MSW is fed onto a grate where it combusts as air passes through the fuel, releasing the hot flue gases into the heat-exchanger section of the boiler to generate steam. In modular mass-burn systems, there is a secondary chamber where the off-gases from combustion are more fully combusted for heat generation prior to passing into the waste heat boiler stage. In a fluidized-bed system, the biomass is fed into a hot bed of suspended, incombustible particles (such as sand), where the biomass combusts to release the hot flue gas. Fluidized-bed systems are said to produce more complete combustion of the feedstock, resulting in reduced emissions and improved system efficiency. Compared to fixed-bed systems, fluidized-bed boilers also can utilize a wider range of feedstocks.
Gasification
Gasification is an emerging WTE technology in which fuel is heated in a limited-oxygen environment, otherwise known as partial combustion. Gasification is a high-temperature process that is optimized to produce a fuel gas from dry biomass with a minimum of liquids and solids. Gasification consists of heating the feed material in a vessel with partial addition of oxygen or air. Water might or might not be added. Thermochemical reactions take place, and a mixture of hydrogen and carbon monoxide (CO) are the predominant gas products, along with water, methane, carbon dioxide (CO 2 ), nitrogen (if air is used), and other hydrocarbons such as C 2 H 2 , C 2 H 4 , and C 2 H 6 . The resultant gas is called variously producer gas or syngas (synthetic natural gas).
Pyrolysis
Pyrolysis is a high-temperature process that is optimized to produce pyrolysis oils, bio-char, and synthesis gas from dry biomass. Pyrolysis consists of heating the feed material in a vessel without the addition of oxygen. Decomposition reactions take place, and a mixture of hydrogen and CO are the predominant gas products. Other products include pyrolysis oil, water, methane, and CO 2 . The resultant gas is called variously biogas, producer gas, or syngas (synthetic natural gas). The composition of the resultant fuels is determined by a combination of the initial mixture of feedstock constituents, temperature, and time within the reactor.
Anaerobic Digestion
Anaerobic digestion is a biochemical process in which microorganisms break down biodegradable MSW in the absence of oxygen (or air) into methane and carbon dioxide, otherwise known as biogas. This is also the principal process occurring in the decomposition of food wastes and other biomass in landfills. Anaerobic digestion feedstocks are primarily sewage sludge, agricultural and industrial wastes, and other high-moisture-content wastes. The biogas produced can be used directly for heating, CHP gas engines, or upgraded to pipeline-quality gas called biomethane or renewable natural gas.
Methods for Energy Recovery
Heat Recovery
Solid Fuels
Traditional WTE facilities utilize solid fuel combustion techniques, which include combusting the feedstock within a furnace and recovering the heat within a traditional boiler or a heatrecovery steam generator (HRSG). Boiler efficiencies for conventional combustion and heat recovery can reach 91%; typically, the larger the unit, the higher the pressure and temperature, the more efficient. Total plant heat rates for solid fuel systems, including WTE systems, are typically 14,000 to 16,000 Btu/kWh. The larger the plant size is, the lower the plant heat rate. The boiler recovers heat from the combustion of the feedstock in the form of steam.
Boiler design is dependent on the quality of the feedstock and the intended use for the steam. Boilers designed for thermal load only are typically low-pressure units in the range of 150 psig to 600 psig. Boilers designed for power generation for a WTE facility are often designed for pressures upward of 1,200 psig. Depending on the constituents within the feedstock, the design pressure can be limited due to acid gas corrosion. When chlorides are present, larger boilers are limited to 850 psig due to the temperature profile across the super heater tubes. Also, in the presence of chlorides, more expensive materials are mandatory.
Synthesis Gas
Synthesis gas or syngas is a fuel generated through gasification or pyrolysis of a feedstock, and consists of primarily CO 2 , CO, hydrogen, and possibly methane. During the conversion process from feedstock to syngas, other byproducts are formed, including acid gases (SOx and HCl), tars, and biochar. These byproducts can be addressed through quenching, the use of catalysts to crack the tars, and scrubbing for the removal of acid gases prior to use within a packaged boiler. Alternatively, the fuel can be burned within a furnace or thermal oxidizer to generate heat. The heat then is recovered through an HRSG in the form of steam. An HRSG can have a thermal efficiency of about 92%.
Heat-recovery steam generator design is also dependent on the quality of the feedstock. Those designed for thermal load only are typically low-pressure units sized in the range of 150 psig to 600 psig. Those designed for power generation for a WTE facility are often designed for pressures upward of 1,200 psig. Depending on the constituents within the feedstock, the design pressure can be limited due to acid gas corrosion.
Power Generation
Steam generated through direct combustion, close-coupled gasification, close-coupled pyrolysis, or biogas combustion can be utilized in a Rankine steam cycle (RSC) to generate electricity. The process includes the generation of steam at a set pressure, then adding additional heat to produce a superheated steam. The superheated steam is expanded through a steam turbine to convert the thermal energy to mechanical energy, which turns a generator. The generator generates electricity when spinning. Rankine cycle efficiencies are limited to the ideal efficiency, which is defined by the ratio of the energy out to the total energy put into the system. A typical RSC is 26% to 30% efficient. Typically, the higher pressure the system, the more efficient the system. This efficiency range provides economics for utilities to utilize the RSC for power generation.
Pipeline Injection
Biogas from anaerobic digestion food wastes and other high-moisture MSW can be upgraded to pipeline-quality for use as a renewable natural gas. This upgraded gas may be used as a replacement for natural gas for combined-cycle power plants, for heating, and as a vehicle fuel.
Renewable Energy Optimization WTE Analysis Module
The WTE module delivers performance data based on user inputs. The module can be used as a standalone utility or integrated into REO. It can utilize a combination of user inputs and REO optimizer inputs to quickly predict performance expected from a heat plant, power generation facility, or a CHP plant. The user inputs are shown in Figure 1 -6. User inputs include tons of available feedstock, monthly electricity and heat use and cost, and the MSW tipping fee. The user also inputs economic factors such as inflation, energy escalation, and discount rates. For federal analysis, these rates are proscribed by the National Institute of Standards and Technology (NIST). For many inputs, a default value commonly used for WTE facilities is also provided, and can be changed by the user. 
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The user also determines whether the tool is calculating performance and economics for power generation only, heat generation only, or CHP.
The WTE module provides an estimation of fixed and variable operation and maintenance expenses, determined by final facility size and technology (heat, power, CHP, etc.) . The outputs of the model include boiler size, power generation based on monthly thermal demand, heat generation capacity, and excess energy being utilized to generate electricity. A CHP total net efficiency is also determined on a monthly basis.
Calculation of Electrical Load Met by WTE
User inputs for monthly electricity demand are utilized to determine anticipated maximum power generation efficiency. The maximum power generation efficiency is calculated for a power generation steam cycle, based on a 750 psig steam cycle. To determine power generation efficiencies, Thermoflow -Steam Pro heat balance software was used to create generic heat balances for 1 MW net through 100 MW net RSC systems, and a curve fit for the overall net power generation efficiencies versus power output was generated. Figure 1 -7 below provides the performance basis for WTE from 1 MW to 100 MW of electric power generation capacity. Once the power generation capacity and power generation efficiency are determined, the efficiency is used to determine the total heat input required to meet this demand.
Calculation of Thermal Load Met by WTE
The WTE module calculates the thermal load based on maximum monthly heat loads and power generation. The thermal load is used to determine boiler output sizing based on MMBtu/hr sizing. Upon determining the boiler output requirements for thermal loads, the module utilizes a sizing curve to identify the boiler efficiency from an efficiency curve developed based on typical boiler efficiencies versus size. 
Calculation for CHP
The WTE module utilizes initial use inputs to determine if a CHP facility is to be considered. In the event there is both heat and electric power demand, the module utilizes the electricity generation net efficiency and boiler net efficiency to determine a CHP performance curve. The curve locates the net power generation efficiency on the Y-axis and the net boiler efficiency on the X-axis. A linear curve from the power generation efficiency to the net power efficiency is generated. This curve identifies the performance of the CHP facility based on the quantity of the total heat introduced into the system. The corresponding percent of the heat input is allocated to heat and to power production. The CHP efficiency is the sum of the net turbine efficiency and net boiler efficiency, as determined by the performance curve shown in Figure 1 -9. When the system has no heat demand, and 100% of the heat is used for power generation, the quantity of electricity generated is determined by multiplying the total heat input by the net electrical generation efficiency, which is determined at the left side of the curve (0% heat demand). When the demand is for 100% heat, and no power generation, the quantity of heat generated is determined at the far right of the curve (0% electric generation). When the system requires a portion of the total heat input for heat and a portion for electricity, the corresponding electric and heat generation efficiencies from the middle of the curve are utilized.
To determine the CHP efficiency of the facility, simply adding the net electrical efficiency and the net heat generation efficiency determines the total CHP efficiency. 
Calculation of WTE Consumption
The WTE module determines the total waste consumption based on demand and systempredicted efficiencies. Dividing the total electrical and thermal demand by the CHP efficiency, determined above, the total fuel heat input (in MMBtu/hr) will be determined. Multiplying the fuel heat input by the "User" input for fuel heating value, a fuel flow rate is determined and presented in the results with units of tons per day (TPD) and tons per hour (TPH).
Annual Fixed and Variable Operations & Maintenance Cost
Annual fixed and variable operations and maintenance (O&M) costs are predicted utilizing an estimate of labor requirements, fuel use, water use, and chemical use. Each of the identified items is determined based on fuel heat input and the complexity and type of system (heat generation, power generation, or CHP). Heat generation requires the least amount of labor; CHP would require the largest amount of labor for the same amount of heat input.
Calculation of Capital Cost
Capital cost estimates are broken down into five areas: heat generation (thermal only, electrical only, or CHP), power generation, balance of plant, engineering, and construction.
Cost curves for each of the five areas were developed. Costs for boiler systems are based on two cost curves, one for power production/CHP systems and one for heat only. When the system is designed for heat only, the module assumes a 250 psig boiler system and computes the system costs based on heating boiler costs. When any power generation is utilized, the module assumes a typical 750 psig boiler and incorporates the higher material costs into the total equipment costs.
Additional cost curves have been developed for steam turbines, condensers, transformers, and cooling systems. Balance of plant cost curves have been developed to encompass the smaller equipment, including water treatment, buildings, etc.
Construction costs are dependent on plant size. Smaller plant designs are typically packaged equipment, which have relatively low installation costs. Larger systems require more field labor to install, driving up the construction costs.
Life Cycle Assessments for Municipal Waste Combustion
Introduction
Energy and environmental life cycle assessments (LCAs) attempt to estimate the impacts of products and services across all their life stages, from raw materials to disposal. In the case of waste-to-energy (WTE) facilities, life stages considered may include waste collection and transportation to the WTE plant location, as well as municipal solid waste (MSW) combustion and recycling and disposal of combustion residuals. This project briefly reviews results from previous LCA studies of WTE that have been published in the literature, and then uses an existing LCA inventory tool to perform a screening-level analysis of cost, net energy production, greenhouse gas (GHG), and conventional air pollution emissions impacts of WTE for residual MSW in Boulder, Colorado. Boulder was selected as the case study location due to interest in WTE expressed by city staff members and availability of recent data on residual waste composition. The level of waste diversion for recycling and composting in Boulder is already high, compared to national averages. Boulder diverted 46% of its waste in 2010 6 , compared to a national average of 30%. Consequently, the city provides an interesting opportunity to examine the energy and environmental impacts of combustion of the MSW that remains after implementation of a relatively aggressive waste diversion program. argue that prospects for adding new WTE capacity are improving, in part due to implementation of tighter air pollution emissions standards. Since 2000, four WTE facilities have been expanded and one new facility approved for construction. Psomopoulos et al. report that based on actual operating data, average electricity production from the existing facilities amounts to about 600 kWh per metric ton of MSW combusted (i.e., about 540 kWh per U.S. short ton MSW). They also indicate that 77% of the existing plants have ferrous metal recovery operations, which together recover more than 700,000 metric tons (about 640,000 short tons) of ferrous material each year.
Cleary (2009) reviewed more than a dozen published LCAs for MSW management, most of which included a thermal treatment alternative. His review focused on methodological issues and indicated that comparison of LCA studies for MSW management is complicated by different choices of system boundaries and by assumptions that are not always completely described. Despite these inconsistencies, Cleary found that the LCA studies generally confirm the "waste hierarchy." i.e., environmental impacts are lowest for recycling, higher for thermal treatment, and highest for landfill disposal. Cleary presented summary results for acidification potential, global warming potential, and net energy use, which show significant differences across the studies he reviewed. However, it appears that reported estimates of net emissions are often confounded by assumptions about electricity generation that would be displaced by WTE. In contrast, results across studies are much more consistent when direct emissions are compared.
Another source of discrepancy across prior LCA studies of MSW management options is treatment of recycling, with some studies setting up recycling and WTE as separate and competing alternatives (e.g., Morris 2005) . However, best current practices as well as other formal studies demonstrate that in well-designed MSW management systems, use of WTE can be compatible with significant upfront recycling and on-site materials recovery (Psomopoulos et al. 2009 ). Consonni et al. (2005a; 2005b) compared costs and LCA impacts of alternative WTE methods, including grate combustion with and without prior mechanical treatment, and combustion of refuse-derived-fuel (RDF) in a fluidized-bed combustor. For all options, they assumed thermal treatment was applied after diversion of about 35% of generated waste through selective waste collection. They concluded that neither pre-treatment nor RDF preparation were warranted, as increased costs were not offset by environmental benefits. For grate combustion, they estimated about 590 kWh of electricity could be produced per metric ton of residual MSW (535 kWh per short ton) in small systems (assumed to process 65,000 metric tons per year of residual MSW), with about 810 kWh of electricity produced per metric ton of MSW (735 kWh per short ton) in large systems (assumed to treat 390,000 metric tons per year of residual MSW). The small system would produce about 0.99 kg biogenic CO 2 and 0.72 kg fossil CO 2 per kWh of electricity as direct emissions from waste combustion (not considering offsets from displaced electricity generating systems). The large system would produce about 0.72 kg biogenic CO 2 and 0.53 kg fossil CO 2 per kWh of direct emissions. Consonni et al.'s LCA indicates that most CO 2 emissions are from waste combustion, rather than plant construction, pollution control reagents and additives, or transport of ash. Estimated costs for WTE treatment in the small system were 124 Euros per metric ton of waste, after sale of electricity at .05 Euros per kWh. Costs were approximately halved for the large system. Kaplan et al. (2009) compared life-cycle impacts of landfill gas-to-energy and mass-burn WTE for representative conditions in the United States. They estimated about 590 kWh of electricity would be produced per ton of MSW combusted, producing 0.91 kg/kWh of biogenic CO 2 and 0.56 kg/kWh of fossil CO 2 as direct emissions. Further results from Kaplan et al.'s study are discussed below, for comparison with the Boulder case study results developed here.
Methods
The U.S. EPA (Environmental Protection Agency)-RTI (Research Triangle Institute) International Municipal Solid Waste Decision Support Tool (MSW-DST) was used to conduct the case study for this project. This tool has been in use for more than a decade, and incorporates comprehensive energy, environmental impact, and cost models for MSW management alternatives, including landfill disposal, composting, recycling, and combustion with energy recovery (EPA 2000; Harrison et al. 2000; Kaplan et al. 2009 ). EPA and RTI have recently been developing a new version of the tool for public distribution (eliminating a previous requirement for use of commercially licensed software). This analysis used a beta version of the new tool that was released to a limited number of users.
The MSW-DST is a screening-level tool designed to allow preliminary comparison of costs and energy and environmental impacts of municipal waste management alternatives. The tool includes mass balance accounting of waste flows; process models of waste collection, transfers, diversions for recycling and composting, waste treatment, and disposal; and cost and life-cycle inventory and impact estimates for each process. The LCA considers material and energy savings from avoiding new manufacturing or electricity generation, but does not consider material and energy required for production of capital equipment (e.g., garbage trucks). The MSW-DST operates as a least-cost optimization model for waste management, but also allows specification of diversion targets and constraints so different management options can be explored. Default estimates are provided for all process parameters, but users can replace the default values with site-specific data if they are available.
The Boulder case study scenario included waste generation from detached residences, multifamily residences, and commercial entities. The analysis was limited to consideration of residual wastes after diversion of recycled and compostable material. Construction and demolition wastes were not considered. The case study considers collection and transfer of residual mixed waste, combustion at a WTE facility, and landfill disposal of ash. Due to the lack of detailed information about the landfill where Boulder's residual MSW is currently discarded, we did not perform new modeling of that waste management alternative. Instead, the results for MSW combustion are compared to estimates of energy and environmental impacts of landfill disposal with electricity generation from landfill gas that Kaplan et al. (2009) developed using a previous version of the MSW-DST model, using nationally representative conditions and assumptions.
The City of Boulder provided estimates of waste generation rates for this study, which are shown in Table 2-1. (Throughout this and the next section, quantities of MSW and ash are reported in U.S. short tons, as is conventional in the U.S. solid waste management industry.) Waste composition for the city of Boulder was assumed to be the same as that estimated for Boulder County in the County's 2010 Waste Composition Study (MidAtlantic Consultants, 2010) . Their estimates of the composition of residual waste in the detached residential, multifamily residential, and commercial sectors are shown in Table 2 . The MSW-DST categories for waste composition from the commercial sector did not include yard waste or food wastes, which respectively comprise over 9% and 15% of commercial waste in Boulder. Waste generated in Boulder's commercial sector was consequently modeled in the MSW-DST as coming from a second multifamily residential sector, which included categories for yard and food waste. Default values in the MSW-DST were used for most process configuration, cost, thermodynamic, and emissions parameters (NCSU 2000) . The LCA for MSW combustion considers energy and emissions from waste combustion, from lime and ammonia used in emissions control devices, and from landfill disposal of ash (Harrison et al. 2000) . Stack emissions of conventional air pollutants are assumed to meet federal standards for new facilities, which correspond to the use of a spray dryer for controlling acid gases, activated carbon injection for mercury, selective non-catalytic reduction for nitrogen oxides, and a fabric filter for particulate matter. This is a conservative assumption, as average emissions for existing MSW combustion facilities are already lower than emissions limits specified by the standards for new facilities (Kaplan et al. 2009 ). Emissions of biogenic and fossil carbon dioxide are determined based on the input composition of MSW. Ash generation is determined based on the noncombustible fraction of MSW along with the fraction of combustible MSW that remains unburned due to incomplete combustion. Electricity output from the MSW combustion facility is determined based on the quantity, heat, and moisture content of individual MSW components, together with the efficiency of the combustion and electricity generation system. As a base assumption for the analysis, we used a system efficiency of 20% (17,000 Btu/hour).
The LCA reflects emissions from electricity used in MSW management operations, as well as emissions from transportation fuels. For this analysis, MSW was assumed to be collected from residences and multifamily and commercial collection points by diesel-fueled truck, with transport to a WTE facility located 20 miles away. Electricity used in MSW management operations was assumed to come from the Western Systems Coordinating Council. The MSW-DST uses fuel mix and generating efficiencies for each North American Electric Reliability Council region from the mid-1990s (Dumas, 1999) . While this information could be updated for a more refined analysis, this is not an option with the currently available version of the MSW-DST, and in any case it has little influence on the results. To examine the net impacts of generating electricity from MSW, we considered a scenario in which it would displace electricity generation from a coal-fired power plant with an assumed generation efficiency of 32% (Dumas 1999 ).
The MSW-DST provides screening-level estimates of costs of MSW management alternatives, including collection, transfer, transport, treatment, and disposal stages of MSW operations. Costs for the MSW combustion system include annualized capital costs and operations and maintenance (O&M) costs for the combustion facility, less revenues from the sale of ferrous material recovered from incoming MSW and bottom ash, and from the sale of electricity. We used default estimates from the MSW-DST of $310 per design ton per year for capital costs and $65 per design ton per year for O&M. The cost estimates used in the MSW-DST were derived from estimates EPA made for four model WTE plants in preparation for setting emissions standards (EPA 1989 ), updated to current dollars. We assumed a plant life of 30 years (increased from the default assumption of 20 years), plant capacity factor of 0.91, and discount rate of 5% for capital recovery. We also assumed electricity could be sold for $.04/kWh and scrap iron for $350 per ton 7 . There may be additional revenue potential from selling renewable energy credits (RECs), but this is not included in this analysis.
Results
As shown in Table 2 -3, the MSW-DST tool estimates that 78,300 tons of residual MSW collected in Boulder each year (215 tons per day (TPD) 8 ) could be used to generate about 45 million kWh of electricity. This generation rate corresponds to the output from about a 5.6 MW capacity power plant, assuming a 91% capacity factor. The MSW-DST tool estimates 12,000 tons of ash would be produced in the combustion process. Direct air emissions from MSW combustion, assuming a facility that just meets federal air quality standards, include an estimated 69,000 kg/year of nitrogen oxides (NOx), 31,000 kg/year of silicon dioxide (SO 2 ), and 9,500 kg/year of particulate matter (PM). In addition, the MSW-DST tool estimates that MSW combustion would produce 55.5 million kg/year of biomass CO 2 and 25.6 million kg/year of fossil CO 2 . As shown in Figure 2 -1, the MSW-DST tool indicates these MSW combustion emissions of fossil CO 2 dominate those from other stages in the MSW management process.
The MSW-DST tool provides rough estimates of annualized system costs, including costs for waste combustion and ash disposal and assuming sales of electricity at $.04/kWh and scrap iron at $350/ton. The resulting annualized costs for treating Boulder's 78,300 tons of residual MSW using WTE are about $4.5 million, or $58/ton (excluding costs of collection and waste transport to the facility).
If electricity from combustion of Boulder's residual MSW is viewed as displacing electricity from a typical coal-fired power plant, nearly 50 million kg of fossil CO 2 from coal combustion would be displaced. Thus, comparing fossil CO 2 emissions from MSW combustion (including emissions associated with ash disposal) with CO 2 emissions from coal combustion, switching to MSW could reduce fossil CO 2 emissions by about 25 million kg/year. Based on MSW-DST estimates, the switch could also reduce methane emissions by about 60,000 kg/year. PM (kg/year) 9,500 9,600 37,400 -27,800 -35,400
HCl (kg/year) 13,900 13,900 12,800 1,000 1,050 Results presented in Table 2 -3 assume a WTE system efficiency of about 20%, equivalent to a heat rate of 17,000 Btu/kWh. Table 2 -4 shows how rates of electricity generation and CO 2 emissions from combustion of Boulder's MSW would change if efficiencies of 31% (11,000 Btu/kWh) and 15% (23,000 Btu/kWh) are assumed instead. Fossil CO 2 generation rates range from 0.37 kg/kWh for the most efficient system, to 0.77 kg/kWh with the least efficient system. The MSW-DST model provides default estimates of MSW composition based on EPA's characterization of the national MSW stream in 1994 (NCSU 2000) . Compared to the default composition, Boulder's residual MSW has a relatively high fraction of food waste (14% by mass for Boulder versus 5% for the default) and low fractions of yard waste (12% versus 19%), glass (2.5% versus 7.2%), and metal (2.8% versus 6.1%). Likely due in part to differences in waste characterization methods, the Boulder composition also has a high fraction of unspecified combustible material (29% versus 7.5%) and a relatively low fraction of unspecified non- 23 combustible material (6.5% versus 12.3%). The relative amounts of plastic and paper in the two waste profiles are similar. Table 2 -5 shows that these differences in composition have only a modest influence on most impacts from MSW combustion. We estimate that Boulder residual MSW would produce about 4% more electricity per ton of waste than expected based on the default composition. For most pollutants, emissions per kWh of electricity produced are about 10% higher with Boulder's waste composition than with the default composition. On the other hand, with Boulder's residual MSW composition, ash generation per ton of waste is estimated to be about half that expected based on the default composition. The lower rate of ash production is due to lower fractions of glass, metal, and miscellaneous non-combustible waste in Boulder's residual MSW. Comparisons of impacts of MSW combustion with land disposal and energy recovery from landfill gas are highly uncertain, due to uncertainty in rates of landfill gas generation and gas capture efficiencies. Furthermore, we lacked detailed information on landfill configuration and operations for Boulder. In the absence of site-specific data and other information necessary to make more precise estimates, Table 2 -6 provides a rough comparison of emissions rates for combustion of Boulder residual MSW with published estimates for landfill gas with energy recovery (Kaplan et al. 2009 ), which were also developed using the MSW-DST model and are meant to represent typical conditions in the United States. Table 2 -7 shows the corresponding total impacts estimated for disposal of 78,300 tons per year of residual MSW. The emissions comparisons in Tables 2-6 and 2-7 are made for direct emissions, without factoring in any credit for displaced electricity generation from other sources.
The comparisons in Tables 2-6 and 2-7 suggest that MSW combustion can produce about nine times more electricity per ton of waste than energy recovery from landfill gas. Compared to energy recovery from landfill gas, MSW combustion is estimated to produce about half the biomass CO 2 per kWh electricity, and about five times as much fossil CO 2 per kWh. However, energy recovery from landfill gas is estimated to release much larger quantities of methane into the atmosphere compared to MSW combustion. Combining fossil CO 2 and methane emissions and using a global warming potential of 21 for methane, the CO 2 -equivalent emissions rate for landfill gas with energy recovery is about five times that for WTE, per unit electricity generated.
In terms of absolute emissions, Table 2 -7 suggests that landfill disposal of Boulder's residual MSW would produce a little less than 60% of the CO 2 -equivalent GHGs and substantially less conventional air pollution (SO 2 , NOx, CO, PM, and HCl) than would combustion of the MSW in a facility that just meets national emissions standards 9 . Kaplan et al. (2009) for "LF-VENT2-ICE30" case assuming nationally representative MSW composition with 30-year energy recovery from landfill gas using internal combustion engine, followed by gas venting for the remaining life of the landfill. HCl (kg/year) 177 13,900
* Estimated from emissions factors given in Kaplan et al. (2009) for case assuming nationally representative MSW composition with 30-year energy recovery from landfill gas using internal combustion engine, followed by gas venting for the remaining life of the landfill.
Conclusions
The analysis presented in this study is meant to be a first-order screening analysis, and as such relies on many default assumptions that were developed by EPA and RTI to represent typical conditions nationally, not site-specific conditions for Boulder. Cost estimates for WTE are based on an EPA study conducted more than 20 years ago and thus do not reflect advances in technology that have occurred since that time. Air emissions estimates for conventional pollutants are likely to be conservative, as they were developed assuming the WTE facility would just meet federal air quality standards.
Life cycle assessment studies published in the literature have generally been consistent in suggesting that MSW combustion is a better alternative to landfill disposal in terms of net energy impacts and CO 2 -equivalent GHG emissions. The results from this study match that expectation. In this report, WTE leads to a higher reduction in emissions compared to landfill-to-energy disposal per kWh production. The screening cost estimates provided by the MSW-DST indicate WTE would be a relatively expensive way to treat Boulder's residual MSW, at an estimated cost of about $58 per ton after accounting for sales of electricity and ferrous metal. This is higher than typical landfill costs for this region (Arsova et al. 2008) .
If electricity produced from combustion of Boulder's residual MSW were to displace coal combustion, fossil CO 2 emissions could be decreased by about 20-25 million kg/year. Emissions of SO 2 , NOx, and PM could also be reduced compared to life-cycle emissions associated with coal combustion. Electricity generation rates and emissions associated with combustion of Boulder's residual MSW are not sharply different from those estimated assuming a national average MSW composition, despite Boulder's relatively aggressive recycling and composting programs.
Air Emissions Limits for Municipal Waste Combustors
As stationary sources of air pollution, municipal waste combustors (MWCs) are subject to multiple provisions of the federal Clean Air Act that lead to construction and operating permit requirements. The two main Clean Air Act provisions leading to emissions limits and/or monitoring and operating practice requirements for MWCs are the specific solid waste combustion provisions in Section 129, and the general "New Source Review" provisions contained in Section 165 for new or modified facilities that would be located in areas that meet the National Ambient Air Quality Standards (NAAQS), and in Section 173 for new or modified facilities that would be located in nonattainment areas. In effect, Section 129 establishes federal New Source Performance Standards (NSPS), which are emissions limits that apply to all new solid waste combustion facilities across the country, along with state-implemented Emissions Guidelines that represent minimum control requirements for all existing solid waste combustion facilities. The New Source Review (NSR) provisions in Sections 165 and 173 additionally require that when states permit construction or substantial modification of solid waste combustion facilities (and other large stationary sources) they perform a case-by-case review to determine if additional controls are warranted, beyond those needed to meet the NSPS. Individual states may impose additional requirements beyond NSPS and NSR, but they cannot relax the federal rules.
Under Section 129 of the Clean Air Act, as amended in 1990, the U.S. EPA is required to set performance standards to limit emissions from solid waste incineration units. EPA has established these standards for several categories of waste incinerators, including large and small MWCs, hospital/medical/infectious waste incinerators, and commercial/industrial waste incinerators. The regulations for large and small MWCs are of primary relevance for this project.
Section 129 defines municipal waste as "refuse (and refuse-derived fuel) collected from the general public and from residential, commercial, institutional, and industrial sources consisting of paper, wood, yard wastes, food wastes, plastics, leather, rubber, and other combustible materials and non-combustible materials such as metal, glass and rock …" (42 U.S.C. §7429(g)).
Large municipal waste combustors are defined as those with capacity to combust more than 250 tons of waste per day (42 U.S.C. §7429(a)(1)(C)).
For new units, Section 129 requires emissions standards that reflect the "maximum degree of reduction" in emissions of specified pollutants, with reductions that are at least as stringent as "the emissions control that is achieved in practice by the best controlled similar unit." For existing units, Section 129 requires standards that are at least as stringent as the "average emissions limitation achieved by the best performing 12 percent of units in the category" (42 U.S.C. §7429(a)(2)). Such emissions limits (which are also prescribed for other categories of hazardous air pollutant sources in Section 112 of the Clean Air Act) are commonly known as maximum achievable control technology (MACT According to EPA, the 2006 NSPS limits are based on use of a combination of control technology including a spray dryer for acid gases, a fabric filter for metals and PM, activated carbon injection for mercury, and selective noncatalytic reduction for NOx (70 FR 75348, 75351 (Dec. 19, 2005) ). Compliance with the limits for dioxin/furans, Cd, Pb, Hg, PM, and HCl is expected to be determined from annual stack tests. The regulations require continuous emissions monitoring systems (CEMS) for NOx and SO 2 and allow use of CEMS for some other pollutants as an alternative to stack testing.
Proposed new or modified major stationary sources, specifically including municipal incinerators capable of charging more than 50 tons of refuse per day and generally covering sources with the potential to emit 250 tons per year or more of any air pollutant (42 U.S.C. §7479), are subject to NSR requirements under Section 165 if they are or would be located in areas that meet the existing NAAQS. Among other pre-construction requirements, owners or operators of such proposed facilities must demonstrate that their emissions would not cause or contribute to NAAQS violations, or significant degradation of air quality (42 U.S.C. §7475(a)(3)), and that the facility will use the "Best Available Control Technology" (BACT) for each pollutant subject to regulation under the Clean Air Act (42 U.S.C. §7475(a)(4)). BACT is defined as "an emission limitation based on the maximum degree of reduction of each pollutant … , which the permitting authority, on a case-by-case basis, taking into account energy, environmental, and economic impacts and other costs, determines is achievable for such facility …" (42 U.S.C. §7479(3)).
To locate in nonattainment areas, new or modified major stationary sources must obtain offsetting emissions reductions from other sources, with greater than 1:1 offsets required in some situations. Section 173 further requires such facilities to comply with the Lowest Achievable Emissions Rate (LAER). LAER is defined as "that rate of emissions which reflects -(A) the most stringent emission limitation which is contained in the implementation plan of any State for such class or category of source, unless the owner or operator of the proposed source demonstrates that such limitations are not achievable, or (B) the most stringent emission limitation which is achieved in practice by such class or category of source, whichever is more stringent" (42 U.S.C. §7501).
State determinations of what constitutes BACT or LAER for individual sources are submitted to the RACT/BACT/LAER Clearinghouse (http://cfpub.epa.gov/RBLC/) for dissemination to other states and to the public. As of January 2011, the clearinghouse contained determinations for four municipal waste combustion facilities or units permitted since 2005. Table 3 -2 shows the emissions limits applied in each case. Table 3 -2 exhibits some deviation in state-imposed permit limits from those required by the NSPS. For example, the Hg emissions limit for the Hillsborough County permit is based on Florida state law (F.A.C. chapter 62-296.416), which sets more stringent limits than the NSPS. For the most part, however, the technologies required to meet the permit limits are the same as those assumed for the NSPS. One exception is the control technology used for NOx. The NSPS assume use of selective noncatalytic reduction, whereas the permit limits for the Mahoning RDF facility are based on use of regenerative selective catalytic reduction (SCR), a more effective and more expensive control technology than selective noncatalytic reduction (SNCR).
In the past, NSR and BACT requirements have focused on criteria pollutants such as sulfur and nitrogen oxides and hazardous air pollutants such as mercury. In the wake of the Supreme Court's holding in Massachusetts v. EPA, 549 U.S. 497 (2007) , that greenhouse gases (GHGs) are covered by the Clean Air Act, EPA has begun to develop regulations and guidance for applying NSR to CO 2 and other GHGs, beginning with with sources emitting more than 75,000 tons per year of CO 2 -equivalent GHGs.
As required by the FY 2008 Consolidated Appropriations Act (P.L. 110-161), EPA published mandatory reporting requirements for stationary source GHG emissions on October 30, 2009.
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The rule, which is published in 40 CFR Part 98, utilizes a general reporting threshold of 25,000 metric tons of CO 2 -equivalent (CO 2 -e) per year. Municipal solid waste combustion is covered in Subpart C -General Stationary Fuel Combustion Sources. Based on revisions to the original rule published in December 2010 (75 FR 79092), MSW combustion units with capacity to burn more than 600 tons of MSW per day are required to use continuous emissions monitoring systems (CEMS) to measure CO 2 emissions (40 CFR 98.33(b)(4)(ii)(A)). Smaller units can report estimated CO 2 emissions based on fuel heat content. The biogenic fraction of the CO 2 emissions from MSW combustion must be reported separately, based on quarterly sampling and 14 C analysis.
In May 2010, EPA issued standards for GHG emissions from light-duty vehicles, making GHGs "regulated pollutants" under the Clean Air Act. This designation triggered further requirements, including the application of stationary source NSR and "Title V" permitting requirements, including application of BACT under the Prevention of Significant Deterioration (PSD) section of the NSR provisions. In order to allow time to implement these requirements for GHG sources, EPA issued the Greenhouse Gas Tailoring Rule on May 13, 2010, restricting the initial applicability of NSR for GHGs to the largest sources, and to sources already subject to NSR or Title V requirements based on non-GHG pollutants. Under the Tailoring Rule, as of July 1, 2011, all new facilities emitting more than 100,000 tons of CO 2 -e per year and existing facilities that would increase emissions by more than 75,000 tons per year would be subject to PSD and Title V permitting requirements (75 FR 31514, June 3, 2010).
As promulgated, the Tailoring Rule did not clearly distinguish between CO 2 emissions from biomass and fossil fuel combustion for determining NSR/Title V applicability. This aspect of the rule was challenged in a petition for reconsideration from the National Alliance of Forest Owners. EPA granted the petition in January 2011. In March 2011, the Agency proposed to defer the application of NSR and Title V permit requirements to biogenic CO 2 emissions for three years while it considered options for accounting for these emissions (76 FR 15249, Mar. 21, 2011) . The proposed deferral would apply to biogenic CO 2 emissions associated with MSW combustion, where EPA defines biogenic CO 2 emissions as emissions resulting from decomposition or combustion of non-fossilized and biodegradable organic materials originating from plants, animals, or microorganisms. EPA has not yet finalized the deferral action.
